A feedforward controller for the automatic regulation of chemical composition of molten steel in the tundish of a continuous casting machine is proposed in this work. The flow of molten steel inside the tundish is modeled as a distributed parameter system, and the resulting partial differential equation is transformed into a set of ordinary differential equations by means of the finite differences technique. From the above set and using a proper boundary condition, a feedforward control law is synthesized. No experimental tests are reported, however, the dynamic performance of the controller is illustrated by means of numerical simulations.
Introduction
Nowadays, the demand for steels with tighter chemical compositional ranges has increased dramatically. This has forced steel producers to improve plant efficiency through the development and installation of advanced control systems. Traditionally, the final composition adjustment is carried out in the ladle in which the molten steel is poured from the furnace. Unfortunately, with the above procedure the percentage of heats out of specification is frequently unacceptable given that the oxygen content of the steel bath decreases the content of those easily oxidizable elements, such as silicon, manganese and chromium. A proposal to carry out the final compositional trimming in the continuous casting tundish is made in [1] . Here, the steel outlet composition is determined by an in-situ continuous laser analyzer, then a proportional-integral-derivative controller compares the outlet composition with a manually-input set point and determines the speed of an alloy-wire feeding equipment.
In the literature, the modeling and control of distributed parameter systems (DPS) have been addressed before [2] [3] [4] . Sometimes, partial differential equations (PDE) are transformed into a set of ordinary differential equations (ODE) using some kind of technique such as orthogonal collocation [5] [6] [7] or the method of characteristics [8] [9] [10] . On the other hand, synthesizing of feedback linearizing control laws from low-order, lumped-parameter models, are reported in [11] . In this work a modelbased control scheme for the automatic regulation of the steel chemical composition in the continuous casting tundish by means of feeding a wire-alloy is proposed (Figure 1) . The steel flow is considered as a plug flow one, and therefore it is modeled as a DPS with time and tundish length as independent variables. The resulting PDE is converted into a set of ODE by the finite differences technique, then a feedforward control law to calculate the alloy-wire feeding speed is derived. The dynamic performance of the controller is tested by means of numerical simulations.
Mathematical Modelling
Assuming a plug flow of the molten steel in the tundish, the partial differential equation which governs the mass transport of element A is given by [12] :
where C A is the concentration of element A, t is the time, v z is the mean velocity of the molten steel in the tundish, and z is the tundish length coordinate. The above equation implies that: 1) the density of the molten steel is constant; 2) there is no diffusivity of A; and 3) the axial component of the velocity is the only significant one. The initial condition is given by:
which means that initially the whole volume of steel in the tundish has a concentration of element A equal to C A0 . The boundary condition is determined from the mass contributions of the inlet steel flow (C A0 ) and the alloywire feed (C Aw ) as follows:
where At (4) and w w w Aw
In the above equations C At is the concentration of A in the first slice of the tundish, v w is the alloy-wire feeding speed, A w is the cross sectional area of the alloy wire,  w is the wire density, f Aw is the mass fraction of A in the alloy wire, M A is the atomic weight of A, and Q i is the volumetric flow rate of the incoming molten steel.
Feedforward Controller: Synthesis and Asymptotic Stability
In order to regulate the concentration of the element A at the tundish exit, the alloy-wire feeding speed is chosen as the control input. The need for a feedforward controller arises from the fact that the effects of the delay in the control action due to the distributed nature of the system must be minimized, so the controller must act beforehand in an anticipatory manner to reject disturbances [13] . Besides, given the absence of chemical reactions, stabilizing the inlet concentration implies the stabilization of the outlet concentration. In order to get an adequate control law, the partial differential equation given by Equation (1) is transformed into a finite set of coupled ordinary differential equations by means of the backwards finite differences technique [14] :
where C A(i) is the concentration of A at node i, z is the length step and IM is the amount of ODE. The length step is determined in this way:
where L is tundish length. Employing a forward finite difference scheme for z = 0 (i.e. i = 1), and considering the boundary condition given by Equation (3) and Equation (5), the following expression is obtained:
In this work, regulation of the outlet concentration is achieved by stabilizing the inlet concentration. This is possible by assuming a lack of chemical reactions inside the tundish. Assuming that C A (1) has an asymptotically stable behavior, the following expression holds:
then, it is verified that (10)  where C Asp is the concentration set point. Substituting Equation (9) into Equation (8) yields
Equation (11) can not be employed as control law given that C A(2) is unknown. If z is small, then
. This is achieved if MI (i.e. the amount of ODE) is large enough. Then, considering the boundary condition of Equation (3), the following feedforward control law is finally obtained:
Besides, given that the value of z can be set in an arbitrary way, if z  0 (or IM  ), then, in accordance with Equation (11), the control input becomes independent from the control gain:
At steady state C At = C Asp , therefore the value of the control input associated to the concentration set point is given by:
Numerical Simulations: Results and Discussion
Numerical simulations were carried out in order to test the performance of the controller. An amount of 101 ODE was considered in order to reduce the size of the length step and ensure a right closed-loop behavior of the system. In Table 1 are shown the system parameters. The control objective was to stabilize the outlet concentration of element manganese at C Asp = 0.10 kgmol·m . The manganese concentration in the inlet steel flow from the ladle is assumed C A0 = 0.05 kgmol·m . Figure 2 shows the evolution of the outlet manganese concentration for a value of the control gain k = 1.0 min the mean residence time of the tundish (8.18 min). When a time around 14 min has elapsed, the asymptotic convergence to set point of the manganese concentration is achieved. The corresponding evolution of the control input is shown in Figure 3 . The wire feeding speed quickly reaches its steady state value of 2.35 m·min −1 , which is given by Equation (14) .
The response of the controller to set point changes is illustrated in Figure 4 . The set point changes from 0.10 to 0.15 kgmol·m −3 when 15 min from start time has elapsed. Manganese concentration continues at the former set point during a period of time similar to the mean residence time, then it decreases until it reaches the new set point. The evolution of the corresponding wire feeding speed is shown in Figure 5 . Given that the new set point is above the former one, the controller responds increasing the wire feeding speed from 2.35 to 4.69 m·min 
Conclusions
Molten steel flow inside a continuous casting tundish was modeled as a distributed parameter system. Computer runs showed that transforming the resulting partial differential equation into a set of ordinary differential equations by means of finite differences is a right technique to synthesize a feedforward controller in order to regulate automatically the chemical composition of molten steel. Numerical simulations, which corroborate the asymptotic stability of manganese outlet concentration, show a proper dynamic performance of the feedforward controller, particularly for changes in the set point and inlet volumetric flow.
Future work must consider the implementation and evaluation of the dynamic performance of the proposed controller in actual tundishes or water models.
